The overwhelming importance of diffuse sources as a determinant of receiving water quality has been recognised for over 30 years. Significant research and development on techniques for reducing inputs in the riparian zone has resulted in numerous guideline documents being produced. Yet despite this research effort, and the apparently successful transfer of key results to water resource managers, the public perception in New Zealand is that the quality of receiving waters continues to decline. In this paper we examine the veracity of that perception through examination of state-of-the-environment reporting, discussions with water resource managers, and published literature. Using a case study of Lake Taupo, New Zealand as an example, we discuss the difficulties faced by water resource managers in arresting declines in water quality. We compare the reduction in potential nutrient exports possible between 'non-invasive' mitigation techniques such as riparian buffer strips, constructed and natural wetlands and source control measures such as the use of nitrification inhibitors and wintering pads. Finally, we look at options available should voluntary measures or best management practices fail to deliver the nutrient reductions that are necessary to maintain lake water quality.
Introduction
Pastoral agriculture remains the backbone of the New Zealand economy. The combined exports, of dairy products, meats and casein-derived products contribute , 35% of New Zealand's export earnings. It is therefore not surprising that diffuse sources are the largest contributor of a range of pollutants to receiving waters. For example, in the Waikato basin, a region supporting the largest number of dairy farms in New Zealand, diffuse sources from dairy and other pastoral land uses contribute , 90% of the nitrogen and 78% of the phosphorus entering streams in the region (unpublished National Centre for Water Resources (NIWA) and Environment Waikato data). The importance of diffuse sources from pastoral agriculture to receiving water quality in New Zealand has been recognised by scientists for many years (e.g. Wilcock, 1986) . Their importance has stimulated considerable research into non-invasive mitigation measures such as riparian buffer strips (e.g. Smith 1989; Downes and Howard-Williams, 1997) and intercepting wetlands (Tanner and Nguyen, 2001) . Guideline documents have been produced to assist environmental management agencies (Regional Councils) (Collier et al., 1995) and the agencies themselves have promoted the use of such techniques to landowners.
Yet, despite this considerable research effort, and technology transfer, public perception is that water quality continues to decline. One of the reasons why this may be so is that effort at implementing riparian buffer strips within sensitive catchments has been offset by significant increases in productivity from pastoral land including a steady incursion of dairying into 'rolling' country, previously used for sheep and beef or plantation forestry. Recent research has highlighted the effects that intensive dairying has on lowland water quality (Wilcock et al., 2006) .
Increased use of nitrogen fertiliser has been a significant factor in the increase in agricultural production. Before 1990, nitrogen fertiliser was used sparingly on dairy farms with most farmers relying on clover in the pasture sward to fix nitrogen from the atmosphere. However, there has been a dramatic increase in the amount of N fertiliser used since agricultural scientists demonstrated the clear benefits of using nitrogen fertiliser to stimulate pasture production; particularly in autumn and spring (http://www.dexcel. co.nz/data/usr/fd03Thorrold.pdf).
Whilst both environmental and agricultural scientists have shown that urine patches are the main vector for leaching losses from pastoral land (Ledgard and Meneer, 2005) it follows that if N fertiliser use increases dairying productivity then N fertiliser is at least indirectly implicated in increased N leaching losses. This has major implications for receiving water quality. Increased eutrophication is evident in streams and lakes. Unlike Northern Hemisphere lakes, most New Zealand lakes have been shown to be N limited (Howard-Williams and Kelly, 2003) . Thus the scenario faced by New Zealand's water resource managers is potentially one of increasing nitrogen leakage from land to receiving waters; some of which are highly valued for recreation and tourism and are sensitive to nitrogen inputs.
Is water quality deteriorating?
The public perception is that water quality is deteriorating. This perception has been fuelled recently by reports of algal blooms in Central North Island lakes (PCE, 2006) . Even New Zealand's largest lake, Taupo, is showing signs of increasing enrichment. Monitoring carried out by NIWA on behalf of Environment Waikato has shown a trend of increasing chlorophyll-a levels which has been linked to an increasing rate of accumulation of nitrate-N during autumn in the hypolimnion of this deep (max depth 138 m) and oligotrophic lake ( Figure 1 , Gibbs, 2005) .
Widespread public concern has spurred the environmental management agencies managing these lakes into action. These actions (discussed below) will cost many hundreds of millions of dollars to implement and will impact on many stakeholders, who naturally are concerned that the cause of the problem is correctly apportioned. There are many site-specific studies on nitrate leaching and nitrogen runoff from which loads of N arising from different land uses can be calculated. As well, numerous modelling studies provide accurate but 'theoretical' estimates of nutrient loads taking into account 'loss' vectors such as denitrification in wetland seeps. However, studies that can detect trends over time and can separate the effects of land-use are rare. New Zealand is fortunate in having a National Water Quality Monitoring Network (NWQMN) from which such trends can be detected. Many Regional Councils (the regulatory bodies responsible for managing receiving waters in New Zealand) have their own monitoring programmes based on the NWQMN to provide data for regional needs. Larned et al. (2004) analysed a combined NWQMN plus Regional Council dataset comprising over 300 sites to establish and rank the state of water quality of streams and rivers draining catchments of known land use (pastoral, urban, exotic forest and native forest). They found significant differences in the concentrations of a number of parameters between land uses; particularly the nutrient forms (phosphate, nitrate, and ammonium), and E coli. The concentrations of these parameters in pastoral and urban catchments were 2-7 times higher than those of the two forest classes. Whilst there was no significant difference between pastoral and urban classes, the latter are concentrated close to the sea and do not impact on large rivers or lakes. The water quality at pastoral sites was generally poor and the median values of phosphate, ammonia, and nitrate exceeded the recommended guideline values for New Zealand rivers (ANZECC, 2000) at 88%, 78% and 64% of sites, respectively.
The study by Larned et al. (2004) was unable to detect any significant trend (increasing or decreasing) in these nutrients at pastoral sites but it is likely that the period chosen (1996) (1997) (1998) (1999) (2000) (2001) (2002) was too short to detect a trend. In a region where pastoral agriculture dominates the landscape, Vant and Smith (2004) found over the period 1990 -2002 nearly half the 100 river and stream sites in the region had deteriorated with respect to nitrogen, with a similar number showing no change. In only , 10% of sites had nitrogen concentrations improved over the period. The similar figures for phosphorus were , 40% deteriorated, 55% showed no change and 5% improved.
Thus there is evidence accumulating that diffuse nutrient loads (particularly nitrogen) are increasing and that this is associated with increasing intensification of pastoral agriculture, especially dairying.
The response of the industry
The weight of scientific evidence has convinced the agricultural industry to mitigate the environmental effects of its activities. The fertiliser industry promulgated a voluntary code of practice in 1998 which provided fact sheets and guidance to farmers on the responsible and sustainable use of fertilisers. In 2003, New Zealand's largest dairy company (Fonterra), which processes , 90% of New Zealand's milk production, entered into a voluntary agreement with Regional and Central Government 'to achieve clean healthy water, including streams, rivers, lakes, ground water and wetlands, in dairying areas'. The agreement, known as the 'Clean Streams Accord' (http://www.mfe.govt.nz/issues/ land/rural/dairying-accord-may03.pdf) contains agreed environmental performance targets such as: † Dairy cattle excluded from 50% of streams, rivers and lakes by 2007, 90% by 2012 † 100% of farm dairy effluent discharges to comply with resource consents and regional plans immediately † 100% of dairy farms to have in place systems to manage nutrient inputs and outputs by 2007
The partners in the Accord publish an annual, independently audited 'Snapshot of Progress' towards meeting these targets. The latest such snapshot shows that the industry has largely met the first bullet point above but that there was still significant non-compliance with respect to dairy effluent discharges and slow progress with respect to systems for managing nutrient inputs and outputs. Nevertheless, there is progress and the annual audit should ensure that targets are eventually met, though possibly not within the agreed time frame.
Further encouragement that the dairy industry is serious about sustainable environmental management has come recently (March 2006) with the release of an industry-wide environmental strategy (http://www.dexcel.co.nz/main.cfm?id ¼ 335).
The strategy identifies losses of nitrogen and phosphate to water as one of three priority areas for the industry to address over the next ten years. The strategy has three outcome areas: leadership and engagement, action and research. Amongst the actions is a commitment to the targets agreed in the Clean Streams Accord and to make significant gains in target catchments. The research targets to be achieved over the next 10 years include mitigation solutions that will result in 50% less nitrogen loss than the benchmark (to be defined and monitored against by December 2006), and 50% less phosphate loss than the benchmark in heavy soils and 80% less in free draining soils. It is noted that 'these targets have been set deliberately at levels beyond current technology, but not beyond what is realistically achievable under the laws of physics and biology.'
Regional Council initiatives Central and Regional Government have been partners to the Clean Streams Accord, and participated in developing the Dairy Industry Strategy for Sustainable Environmental Management. Independently, the environment management agencies have been managing diffuse runoff for the last 15 years through persuasive measures such as information and education. Financial incentives have also been provided for farmers to adopt mitigation measures. However, regulation to manage diffuse runoff has been introduced for the first time in key catchments such as Lake Taupo. Scientific evidence of increasing enrichment and the lake's iconic status requires action now to avoid the total internal nutrient load becoming self-sustaining. As reported at the Dublin Diffuse Pollution Conference (Petch et al., 2003) the scientific evidence suggests that a reduction in nitrogen loads from the catchment of at least 20% is required to maintain the lake water quality. This is because studies have estimated that this percentage represents the amount of nitrogen leached from land use development occurring decades ago that has entered groundwater, but has not yet reached the lake. While it is recognized that autumn hypolimnetic nitrogen concentrations will rise in the short term as the nitrogen currently entrained in groundwater enters the lake, the evidence suggests that by 2080 these concentrations will stabilize at the 2001 levels if a 20% reduction of nitrogen inputs can be achieved.
As a first step to achieving this target, the agency responsible for management of the lake (Environment Waikato) has proposed to 'cap' nitrogen inputs allowed to enter the lake from both diffuse and point sources (http://www.ew.govt.nz/policyandplans/taupo/ documents/proposedvariation1.pdf). The diffuse source cap will be achieved by rules through which 'low' N leaching land uses such as forestry or lifestyle blocks will be allowed, but conventional dry stock or dairy farms will be 'controlled activities' (requiring a Resource Consent (environmental licence) to operate legally) and unable to increase their N inputs (stocking rate, fertiliser inputs etc.) beyond the mean of their 2001 -2005 levels as determined by the nutrient-budget model Overseere. Further, current low N-leaching land uses will be unable to convert to pastoral land use without obtaining a Resource Consent from the council to do so. Landowners will have some flexibility to increase or decrease nitrogen leaching through a nitrogen trading market whereby any increases in nitrogen leaching can only occur where there are corresponding decreases in nitrogen leaching elsewhere in the catchment. Landowners (except those exempt because of their current low-N leaching land use) will need to establish and document a nutrient management programme that will be monitored by Environment Waikato.
To achieve the 20% reduction in N leaching equitably, Central, Regional, and Local Government have established a public fund of $81.5 M, the majority of which will be used to achieve permanent land use change through the purchase of land and conversion to forest or through the direct purchase of nitrogen from landowners (via the nitrogen trading market). Some of the fund will be used for research and development of new best management practices (BMPs) and to assist with their implementation. The rationale for using public funds to reduce nitrogen discharges rather than regulated reductions from the pastoral landowners recognises the public benefit of a clean lake and the extreme financial impact of requiring the agricultural sector to reduce their nitrogen discharges by the amount required (20%).
Can BMPs reduce leached N by 20%?
Considerable effort is being made to promote a 'whole of community approach' and to minimise the social and economic costs to individual landowners of achieving the 20% target. Nevertheless, there will be economic and biophysical limits as to what BMPs can achieve. We reviewed the BMPs currently known and tested under New Zealand conditions and estimated how much N they could remove if implemented optimally in the Lake Taupo catchment (Table 1) .
Because these BMPs apply variably to dry stock and dairy farming we used best judgement and values appropriate to each land use as input to a simple catchment load estimation system (SCALES) designed by NIWA as a decision support system for estimating N loads into Lake Taupo (http://taupo2020.niwa.co.nz/).
The results of this exercise are summarized in Table 2 . While based on simple assumptions it does illustrate that optimal use of BMPs with existing land use is unlikely to yield the 20% N reduction necessary to ensure lake water quality.
A significant reduction in leached nitrate entering the lake could occur if all throughflow was routed through riparian wetlands. There is ample evidence (e.g. Cooke and Cooper, 1988 ) that denitrification in wetlands can remove in excess of 90% of incoming Table 1 Estimates of potential reductions (%) in nitrate leaching with optimal use of BMPs in Taupo pasture catchments N leaching reduction (%)
Notes
Wetland rehabilitation in catchment 10 -20
Relatively low proportion of leached N able to be routed through wetlands. Work underway to quantify Riparian and in-stream Vegetation
5-10
Long-term (24y) studies showed this was highly variable (Howard-Williams and Pickmere, 1999) , depending on succession and stream shading. Requires harvesting to be effective Constructed wetlands at Stream mouth
Can be effective in some situations (40 -50%, Tanner, pers. comm.) but topography and lack of suitable land as well as size of inflows means there will be few opportunities to use this technique Nitrification inhibitors ,10 -30 Shown to be effective in lysimeter trials up to 75% but Monaghan et al. (2005) suggest 30% is more realistic. A lower figure likely in catchment situation. No long term effectiveness data Wintering pads 50 -60 Shown to be effective in heavier soils (Mongahan et al., 2005) and modeling suggests it will be effective at Taupo (Ledgard, pers. comm.) . Likely only cost-effective on dairy farms nitrate. The difficulty in the Taupo catchment is that the soils are predominantly freedraining volcanic ash with pumice sub-soils. It is therefore difficult to intercept the subsurface flow paths in these soils/subsoils, and to establish and maintain riparian wetlands to 'treat' intercepted throughflow. We consider that a 20% reduction in leached N using this BMP or other non-invasive technique (to pastoral agriculture) cannot be assured.
Wintering pads (or removal of cows from the catchment during the winter period) combined with the use of nitrification inhibitors is predicted to have only a minor additive effect. This is because the proportion of the catchment currently used for dairying is small compared with drystock (sheep and beef) farming. For the same reasons full conversion of dairy back to drystock farming would have only a minor influence on N load. Therefore it would appear that converting significant areas of land currently used for livestock farming to low 'N-leaching' landuses such as exotic forestry is required to ensure that the 20% target is achieved. SCALES predicts that converting all land currently used for livestock farming to exotic forestry (low density rural lifestyle blocks is another alternative) would result in ,32% reduction in N load (12% in excess of what is required). The establishment of the $81.5 M fund will assist in effecting such conversion. Social and economic factors will need to be taken into account as well as more sophisticated biophysical modelling to achieve a sustainable result whilst minimising economic impacts on landowners. For example, exotic forestry does not produce an income until at least 25 years after planting so income equalisation strategies may be needed.
Conclusions
Advances in scientific monitoring and prediction have provided 'early warning' of the consequences of land development within the catchments of high quality water bodies such as Lake Taupo. BMPs should be adopted to minimise the impacts of nutrient-generating land use on such waterbodies. Where the scientific evidence is that BMPs will not achieve the result required, however, then the difficult decision to remove the activity causing the impact may need to be made. Clearly these are decisions affecting both the local community and society as a whole in the case of iconic water bodies such as Lake Taupo. Robust science, good legislation (to provide a framework within which changes can be made), community consultation and awareness, policy development and economic analysis are all required as the building blocks of changes, which potentially impact upon the accepted rights of landowners. However it also requires political will at all levels of Government to make it happen. The progress made to date with two significant resource management issues (Lake Taupo and the Rotorua lakes) and the response of the Table 2 Estimates of potential reductions (%) in nitrogen inputs to Lake Taupo from diffuse sources as a consequence of using selected BMPs and land use changes. (Based on an assumption that it would take more than 50 years before any such change would be reflected in N load.) agricultural industry towards sustainable environmental management illustrates that the platform is in place for controlling the effects of diffuse source pollution in sensitive waterways. A 'trickle-down' effect is widely anticipated that will lead to continuous improvement in receiving waters throughout New Zealand.
